Quasi-static tests have been carried out to characterise mixed-mode fracture using a Double Cantilever Beam (DCB) specimen. The DCB consists of equal thickness mild steel adherends bonded with FM-73M epoxy adhesive and is tested under pure mode I, pure mode II and a range of mode mixity conditions, using a relatively simple loading fixture. The test method is analysed using closed-form and finite element methods, which agree well provided that the adhesive deformation is considered. The strain energy release rate components at fracture are presented in a conventional GI (mode I) -GII (mode II) failure plot using closed-form Linear Elastic Fracture Mechanics (LEFM) methods reported previously in the literature.
Introduction
The use of adhesive bonding is becoming much more widespread in recent years as the advantages it offers over traditional joining techniques are becoming more widely accepted. This has led to the use of bonding in a range of sectors which includes aerospace, automobiles, electrical, electronics, packaging and shoe industries etc.
A particular issue with the integrity of adhesive joints is the presence of cracks and flaws in the as-manufactured adhesive bond-line. The presence of these defects, at least at some scale, appears inevitable and the propagation of such cracks/flaws has the potential to affect the service life of the adhesively bonded joints and even to cause catastrophic failure of bonded structures in service. Hence a better understanding of crack propagation behaviour under realistic types of combined (direct and shear stress components) service loading is an important aspect of evaluating the potential performance of adhesively bonded joints.
In principle, crack propagation can be described using a fracture mechanics approach [1] . In brittle homogeneous materials, a crack subjected to mixed mode loading will kink in such a way that the crack tip tends to become oriented at right angles to the tensile stress component thereby growing under mode I loading [2] .
However, in bonded joints under arbitrary loading conditions, the crack is often constrained within the adhesive layer and can therefore be made to grow, at least macroscopically, in the plane of the applied mode II (for shear) or mixed-mode (for tension and shear) loading [3] . Much work has been published to characterise the performance of adhesives joints under mode I loading, but on its own this does not provide a basis for conservative design under more complex loadings. Hence the need for mixed-mode fracture characterisation becomes unavoidable.
Many researchers have used a range of experimental techniques to characterise mode I, mode II and mixed mode I/II fracture of adhesive joints and composite laminates, but none of these approaches [e.g. [4] [5] [6] [7] [8] [9] [10] provide a method of characterising material response over the entire range of mode mixities from pure mode I to pure mode II. The method used by Fernlund and Spelt [3] appears to be one of the few approaches [11] [12] [13] that do achieve this and in that respect it appears surprising that their technique has not been adopted more widely.
Hence in the present work, a simple loading jig was designed and manufactured, building on the work in [3] ; the jig enables quasi-static fracture testing of a Double Cantilever Beam (DCB) type specimen over the entire mode-ratio range from pure mode I to pure mode II and will also be used for fatigue testing in the future. The structure of the paper is as follows. In the next section the design and manufacture of the jig are discussed, together with closed-form and finite element analyses that enable the strain energy release rate components to be determined. The jig is then used to characterise the behaviour of joints, consisting of mild steel adherends bonded with FM-73M epoxy adhesive, under quasi-static loading. The strain energy release rate components at fracture are presented in a conventional GI (mode I) -GII (mode II) failure plot. The results are discussed and compared with other studies in the literature.
Design and Analysis of the Test Arrangement

Test Method
The purpose of the loading jig is to facilitate mixed-mode fracture testing of adhesively bonded DCB joint specimens over a wide range of mode mixities from pure mode I to pure mode II. The jig shown in Fig. 1 , which is very similar to that in [3] , consists of a link arm system that allows the ratio of the forces F1 and F2 acting on the upper and lower adherends of the test specimen respectively to be varied by altering the applied load (F) position along the upper link, i.e. by varying the distances S1 and S2. The column at the right hand end of the specimen enables the specimen to be supported prior to application of load and prevents out of plane displacement during the test. The links in the loading jigs are made of mild steel and dowel pins are used to enable the geometry position to be changed easily. 
When the Support (A) in Part B is attached by the pin at C, we find (Figs. 2 and 4) that F1 remains unchanged, but now:
Having established the basic relationship between the applied forces, this can be used to find the required configuration of the jig in order to produce a given mode ratio.
For pure mode I loading of the joint the applied forces F1 and F2 must be equal in magnitude and opposite in direction i.e. F1= -F2. With the pin at C, it follows from equations (1) and (3) From equation (4) it is clear that the condition for pure mode I is satisfied when the load is applied centrally to Part A so that S1 = S2 and further that Part B is attached to the base through locating Support A at position C so that S4 = 0.5S3.
For mode II condition, there are two loading scenarios which will produce mode II for identical adherend thicknesses. One is when F1=F2 and the other is when F1 is zero and a shim transmits half of F2 to the upper adherend. These are achieved by pinning support A at position D (S4 = S3) and then having either S1=133.3 and
Other geometries enable different mode mixities to be achieved. For support A at position D, from combining equations (1) and (2) we have:
While on the other-hand, for support A at position C, from combining equations (1) and (3) we have: In the next sections we consider, first analytically and then numerically (using FEA) the strain energy release rates corresponding to the different load ratios.
Closed-form analysis of the energy release rates:
There are many studies, e.g. [6] and [7] , which confirm that mixed mode fracture is controlled by a function of the energy release rate components rather than simply the total strain energy release rate and further that the form of the function may vary with the adhesive type (in "brittle" systems, the mode I component may dominate, while in "tough" systems both components make a contribution). Hence any analysis of the test configuration needs to take this into account and to partition the loading into the mode I and mode II components.
To analyse the configuration used in the present study, we make use of the work of
Williams [14] , who considered the general case of a cracked DCB with arms of unequal equal thickness, acted on by moments M1 and M2 as shown in Fig. 5 . Note that in the present work the arms were of equal thickness (h) and so the analysis has been simplified to reflect this.
Figure 5 Double Cantilever Beam Test
We write:
Separating the applied loading into mode I and mode II components, MI and MII, requires that:
Therefore, the energy release rate components for the present case follow from [16] as: The second term in equation (11) for GI represents a correction for the shear contribution.
This method does not include the elastic behaviour of the adhesive bond-line, which has been shown to influence the fracture energy of the joint [15] . A further term [16] is introduced to take this adhesive effect into account:
In equation (13) (15) Of the two correction terms, the effect of the shear contribution turns out to be relatively minor -typically less than 4% of the moment term for the geometries used in the course of the present work. In the next section the loading is analysed using FEA.
Finite Element Modelling
A two dimensional (2-D) linear elastic finite element analysis of the bonded DCB geometry was carried out to validate the analytical expressions for GI and GII introduced in the previous section. The study used 2 nd order 8-noded quadrilateral elements, as these elements generate more accurate results for mixed (quadrilateral-triangular) automatic meshes. Plane strain condition was assumed, to represent the constraint experienced by the thin adhesive layer confined between much stiffer adherends. The assumption of plane strain elastic modulus of the adhesive is also implicit in equation (13) . The effect of any residual stresses is not considered in the analysis.
The overall mesh is shown in Figure 6 . Load was applied at the left end of the joint, with the joint constrained in the vertical direction at its right end. The material responses were taken as linear elastic and isotropic using material constants reported in Table 1 [17, 18] . The analysis confirmed that the stresses in the adherends were below yield and there was no evidence of adherend plasticity during the experiments. 
Table 1 Elastic properties of materials
The strain energy release rate components were calculated using the Virtual Crack Closure Technique (VCCT) technique, a well established fracture mechanics approach for analysing progressive crack growth in linear elastic problems. This approach [19] was implemented using crack tip elements [20] . The boundary conditions and crack length along with other specifications were kept exactly same as of those used in the experiments. The crack was introduced on the interface (between lower adherend and adhesive) as Abdel Wahab [21] showed that in most of the cases interfacial failure is observed for a very thin adhesive layer (< 0.5 mm) and in the present case the adhesive layer thickness is 0.16 mm. In this way, the analysis determines the energy release rate for crack growth in the adhesive, close to the adherend/adhesive interface. Figure 7 shows the deformed mesh for geometry with a mode mixity ratio (GII/GI) of 0.22. It is clear that the deformation comprises both opening and sliding modes. Figure 8 shows the reference points in and around the crack tip and the corresponding terminology for the local forces and displacements. The following expressions [19] are then used to calculate the mode I and mode II energy release rate components.
where a  is equal to the crack tip element length and (Fxi, Fyi), (Fxj, Fyj) are the crack closure forces at node 'i' and 'j' respectively and (Uxk, Uyk) , (U`xk, U`yk) are for the nodal displacement behind the crack as shown in figure 9 .
Experimental
Sample manufacture
The DCB samples were prepared using FM-73M OST(one-side tacky) toughened , the adherends were grit-blasted, using 50 µm white alumina in a grit blasting facility operating at a pressure of 5.5 bar. After grit-blasting, the adherends were degreased with acetone so that any residual grit was removed.
The film adhesive was cut to size and then the joints were prepared following the recommended procedure. Metal shims were used to control the bond line thickness, giving a nominal value of 0.16 mm. Mould release was applied to the shims so that they could be removed easily from the joint after the adhesive had been cured. The joints were clamped individually in a jig. Mould release was also applied to the columns of the jig in contact with the joint.
The top plate of the jig was weighted to apply a modest pressure to the joint (0.28 MPa) and the jig was then placed in an air-oven. The cure cycle followed was in accordance with the data sheet from the adhesive manufacturer -a heating cycle up to 120 degrees C in 30 minutes followed by a hold for 60 minutes and then leaving in the oven with door shut until the temperature reaches room temperature. After samples had been cured, they were stored in a desiccator and they were tested typically one to two days after manufacturing. Figure 9 Bonded DCB specimen geometry
Mechanical Testing
Quasi-static tensile testing of the joints was carried out using the jig described in section 2.1, mounted on an Instron 5500R (frame 1175) testing machine, Fig. 10 , driven by the Instron Merlin software [22] . A 100 kN load cell was used and tests were performed using a crosshead displacement rate of 0.5 mm per minute. The data acquisition rate was 2 Hz. Specimens were loaded to failure without interruption and at the end of the test the load and displacement data were transferred into a spreadsheet for analysis. Results and Discussion Figure 11 shows a typical load-crosshead displacement curve for one test specimen.
All the samples tested were essentially linear elastic to failure. (14) and (15) [see Table 2 and 3] After testing, the fracture surfaces were examined and it was observed that all the joints exhibited cohesive failure as shown in figure 12 (higher magnification images would be needed to examine the failure mechanism, but the point to demonstrate here is that the failure is essentially cohesive). Test configurations and failure load data arranged in order of increasing mode II contribution are shown in Table 2, while Table 3 summarises energy release rate calculations corresponding to the configurations shown in Table 2 . The energy release rate values are given for the analytical solutions, ignoring and including the bond-line correction, and from finite element analysis. Table 2 Failure Load
From Table 3 it is clear that neglecting the bond-line thickness underestimates the results for both GI and GII. Note that three sets of data are presented at a modemixity of 0.72, while two sets of data are presented for mode II. This is because the design allows different configurations to apply some values of mode-mixity and this
gives a further validation of the jig. The two load cases for mode II are shown in Figure 13 . In case 1, F1=F2=F/3 and the total applied load on specimen is 2F/3 while in case 2, F1=0 and F2=F/2 hence the total applied load on specimen is F/2.
Therefore the total applied load at failure in these two situations is different (6518 N and 7906 N for case 1 and 2 respectively). It is clear from these figures (and from it is interesting to note that when Johnson et al [25] used an Aluminium/FM-73M/Boron-Epoxy system then the total fracture toughness obtained was only 840 J/m 2 which was significantly less than the value from Aluminium/FM-73M/Aluminium system. In the present work the mean GIC value was around 1400 J/m 2 . This is low compared with other published values, but the bond-line thickness is smaller, which is expected to give rise to a lower toughness, and because of the particular joint geometry the details of the crack propagation mechanism (and associated toughness) may be different.
With regard to the trends on the GI -GII plots, it is apparent that the presence of mode II generally reduces the level of the mode I energy release rate required to cause failure, i.e. there is a significant degree of interaction. There are some anomalies apparent around the data corresponding to GII/GI = 1.29 and GII/GI = 2.22, which require further work to resolve; otherwise the trends are reasonable.
Concluding Remarks
The present study has developed a simple experimental method for carrying out mixed mode fracture testing on adhesively bonded DCB specimens. The test method is supported by analytical and FEA results, which are in good agreement with each other provided that an allowance for the bond line deflection is made in the analytical expressions for the energy release rate components. The test method has been used successfully to investigate the mixed mode fracture envelope for FM-73M
adhesive. It has been shown that there is considerable interaction between the modes of loading and that mode II fracture energy is considerably higher than mode I. The results from this work will be valuable in developing cohesive-element-based failure models for FM-73M adhesive.
